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Vienna, AustriaABSTRACT The chloride channel (CLC) family is distinctive in that somemembers are Cl ion channels and others are Cl/Hþ
antiporters. The molecular mechanism that couples Hþ and Cl transport in the antiporters remains unknown. Our character-
ization of a novel bacterial homolog fromCitrobacter koseri, CLC-ck2, has yielded surprising discoveries about the requirements
for both Cl and Hþ transport in CLC proteins. First, even though CLC-ck2 lacks conserved amino acids near the Cl-binding
sites that are part of the CLC selectivity signature sequence, this protein catalyzes Cl transport, albeit slowly. Ion selectivity in
CLC-ck2 is similar to that in CLC-ec1, except that SO4
2 strongly competes with Cl uptake through CLC-ck2 but has no effect
on CLC-ec1. Second, and even more surprisingly, CLC-ck2 is a Cl/Hþ antiporter, even though it contains an isoleucine at the
Gluin position that was previously thought to be a critical part of the H
þ pathway. CLC-ck2 is the first known antiporter that
contains a nonpolar residue at this position. Introduction of a glutamate at the Gluin site in CLC-ck2 does not increase H
þ
flux. Like other CLC antiporters, mutation of the external glutamate gate (Gluex) in CLC-ck2 prevents H
þ flux. Hence, Gluex,
but not Gluin, is critical for H
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http://dx.doi.org/10.1016/j.bpj.2012.08.063The chloride channel (CLC) family includes both Cl ion
channels and Cl/Hþ antiporters (1). The ion channels allow
Cl to diffuse passively down an electrochemical gradient,
and antiporters couple the movement of chloride and
protons in opposite directions across cellular membranes.
So far, the only known CLC structures are those of antiport-
ers (2–4). On the basis of sequence similarity and functional
studies, it is thought that the basic structures of the ion
channels and antiporters are similar, and that slight struc-
tural differences account for these diverse functions. Under-
standing how the CLC family has evolved to allow proteins
of similar structure to carry out two distinct mechanisms
remains a critical goal.
In the Escherichia coli antiporter CLC-ec1, two gluta-
mates, Gluex (E148) and Gluin (E203), are absolutely
required for Hþ transport (5,6). Gluex is conserved in both
CLC ion channels and antiporters. Gluin is conserved only
in antiporters and is instead a hydrophobic valine in all of
the known ion channels. Hence, it was proposed that both
Gluin and Gluex are necessary to transfer protons through
CLC antiporters (6). Studies of the CLC-4 and CLC-5 anti-
porters supported the notion that Gluin and Gluex play crit-
ical roles in Hþ transport (7,8). Surprisingly, however,
recent experiments revealed that although the red algae
homolog CmCLC contains a threonine at the Gluin position,
it is still Cl/Hþ antiporter (3). It is unknown whether this
threonine has a shifted pKa that allows it to transfer protonsor whether the Hþ transport in CmCLC does not require
a protonatable residue at this position. Further blurring the
role of Gluin, the CLC-0 ion channel, which contains a valine
at the Gluin position, requires slow transmembrane H
þ
transport for channel gating (9).
To probe the molecular requirements for Cl and Hþ
transport in CLC proteins, we characterized a novel
homolog from Citrobacter koseri called CLC-ck2. CLC-
ck2 is 21% identical and 37% similar in amino acid sequence
to CLC-ec1. CLC-ck2 contains an isoleucine at the Gluin
position, and hence we originally hypothesized that this
protein would act as an ion channel. Additionally, CLC-
ck2 lacks several amino acids that coordinate the central
and internal Cl-binding sites in CLC-ec1, most notably
the GSGIP motif (Fig. S1 in the Supporting Material).
With genomic information now revealing >1000 putative
CLC homologs, we find that CLC-ck2 is not unique—
several other uncharacterized homologs also lack these
regions. To our knowledge, ours is the first study to charac-
terize the function of a homolog missing these regions.
Using Cl flux assays, we first sought to deter-
mine whether CLC-ck2 could catalyze Cl transport (10).
FIGURE 2 Unitary turnover rates, calculated from initial veloc-
ities after addition of Vln in (A) Cl and (B) HD flux assays.
Reconstitutions contained 5–38 mg protein/mg lipid. Bars repre-
sent the mean5 SE for three to 17 assays.
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efflux was observed upon addition of valinomycin (Vln;
Fig. 1 A, blue trace). In control vesicles lacking CLC-ck2,
no significant Cl flux was observed (Fig. 1 A, black). The
CLC-ec1 inhibitor 4,40-octanamidostilbene-2,20-disulfonate
(OADS) (11) completely inhibited Cl flux (Fig. 1 A, green).
The Cl unitary turnover rate for wild-type CLC-ck2 was 31
5 5 s1 (mean5 SE, n¼ 5). This rate is ~2 orders of magni-
tude less than the Cl flux through the CLC-ec1 antiporter,
and is much slower transport than expected for an ion
channel. However, it is a similar to the rate catalyzed by
the cyanobacterium antiporter CLC-sy1 (4).
To test whether CLC-ck2 is a Cl ion channel or Cl/Hþ
antiporter, we performed Hþ flux assays as previously
described (10). If vesicles contain a Cl/Hþ antiporter, the
efflux of Cl upon addition of Vln will drive the movement
of protons into the vesicles against their concentration
gradient. If vesicles contain a Cl ion channel, however,
no movement of protons will be observed upon addition of
Vln. We found that CLC-ck2 showed significant Cl-driven
Hþ uptake. Fig. 1 B illustrates uphill movement of protons in
the presence of a Cl gradient. Hþ influx, like Cl efflux,
was inhibited by the presence of OADS. These assays are
not quantitative enough to determine Cl/Hþ stoichiometry.
However, they qualitatively demonstrate that CLC-ck2 acts
as a Cl/Hþ antiporter even though it lacks Gluin.
If Gluin is important for maximizing H
þ flux, we would
expect that introducing a glutamate at the Gluin position
would increase the Hþ flux observed through CLC-ck2.
However, we found that the I175E mutation did not signif-
icantly alter Hþ or Cl flux (Fig. 2). Hence, Gluin does not
enhance Hþ transport through CLC-ck2.FIGURE 1 (A) Representative Cl flux assays. Cl efflux was
initiated by addition of Vln. Triton X-100 was added to disrupt
liposomes and release all intracellular Cl. The insert shows
an expanded view of the efflux immediately after addition of
Vln. (B) Representative HD flux assays demonstrate Cl-driven
HD influx. HD flux was initiated by the addition of Vln. The HD
gradient was collapsed at the end by the addition of FCCP.The external glutamate gate Gluex is conserved and
required for Hþ transport in all known CLC antiporters
(5,7). To determine whether Gluex is also essential for H
þ
transport in CLC-ck2, we made the E122Q mutation. This
mutant can still transport chloride but fails to move protons
(Fig. 2). This mutant protein was not very stable in micelles,
precipitating over the course of hours, and thus the unitary
turnover rates shown in Fig. 2 represent lower limits. Never-
theless, this result is consistent with observations in other
CLC antiporters and suggests that Gluex is important for
Hþ transport in all CLC antiporters.
Because CLC-ck2 lacks amino acids that coordinate the
Cl ions in the structure of CLC-ec1, we wondered whether
the ion selectivity might differ. Indeed, the plant atCLC-a
homolog has a single change in this region that makes it
selective for NO3
 over Cl (12). To determine the ion
selectivity of CLC-ck2, we used radioactive uptake assays
(11). In these assays, the amount of 36Cl exchanged into
CLC-ck2-containing vesicles loaded with cold Cl is
measured as a function of time. Various anions were added
to the extravesicular solution to test which ions were trans-
ported in preference to the 36Cl. A decrease in radioactive
uptake indicates that the anion is permeant and/or blocks
CLC-ck2. Fig. 3 A plots the amount of 36Cl uptake with
each of the various ions added; the ion selectivity (or block)
was SO4
2>> Cl> NO3
> SCN>Br> F> Pi
z
I >> isethionate. This selectivity is similar to that of
CLC-ec1 (13), with one noticeable exception: SO4
2.
SO4
2 had no effect on CLC-ec1, but strongly competed
with Cl uptake through CLC-ck2 (Fig. 3 B). Hence, the
selectivity filter of CLC-ck2 is similar enough to other
CLCs to transport Cl, NO3
, and Br as expected. How-
ever, further investigation is required to determine the struc-
tural differences that must underlie the distinct disparity in
SO4
2 permeability and/or block.
This study reveals that Gluin is not essential for Cl
-
coupled Hþ transport in CLC-ck2, in direct contrast to the
previous conclusion that the protonatable side chain of the
glutamate is directly involved in the Hþ transport pathway
(14). Thus, our result brings into question the location
of the Hþ permeation pathway. The protons must be
transferred via other protonatable residues or water mole-
cules. The residue adjacent to Gluin (E202 in CLC-ec1) isBiophysical Journal 103(9) L44–L46
FIGURE 3 Ion selectivity of CLC-ck2. (A) Liposomes reconsti-
tuted with CLC-ck2 were screened for selectivity against various
test ions in the presence of 1 mM 36Cl at pH 4.5. All test ions
were present at 10 mM, except for isethionate, which was
present at 20 mM to confirm that it is inert. After 10 min, the
radioactivity counts were measured to determine total 36Cl
uptake (for isethionate, uptake was stopped after 20 min).
Counts were normalized with respect to liposome uptake in
the absence of an external test ion. Bars represent the
mean 5 SE for three assays. (B) Comparison of effects of
external sulfate on CLC-ec1 and CLC-ck2 on radioactive update
assays, normalized as in part A.
L46 Biophysical Lettersconserved in CLC-ck2. Unfortunately, mutation of this
glutamate (E174F) in CLC-ck2 resulted in unstable protein
that could not be characterized in functional studies. Using
the structure of CLC-ec1 as a guide, we see no other obvious
protonatable residues in CLC-ck2 available to transfer
protons from the intracellular side to Gluex. One possibility
is that Hþ transport may require a water wire. The idea of
a water wire is not new. In CLC-ec1, there is an ~15 A˚
gap between Gluin and Gluex, and it has never been clear
exactly how protons cross this gap. Recent molecular-
dynamics studies have supported the idea that the Gluin in
CLC-ec1 may help to position water molecules for a water
wire to transfer protons to the extracellular glutamate (15).
If indeed the role of Gluin is simply to position water
molecules properly to transfer protons, subtle changes in
other parts of the structure could allow this water wire to
exist in the absence of Gluin. This could also explain how
the eukaryotic CmCLC homolog, which has a threonine at
the Gluin position, is able to act as a coupled transporter
as well. We have not yet been able to determine the structure
of CLC-ck2 to understand how the lack of conserved
amino acids near the Cl-binding sites affects the structure.
This study will inspire future work to investigate the molec-
ular mechanism of CLC-ck2 and CLC-ck2 homologs in
greater detail.SUPPORTING MATERIAL
Supporting methods, one figure, and supporting references are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)01036-3.Biophysical Journal 103(9) L44–L46ACKNOWLEDGMENTS
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Note: After acceptance of this paper Stockbridge et al found a F/Hþ anti-
porter from this family which has a valine at the Gluin position (16).REFERENCES and FOOTNOTES
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